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ing environmental conditions. Models for development and dry matter partitioning as well as total dry matter production of cauliflower [Brassica oleracea (Botrytis Group)] have been published (Kage and Stützel, 1999; Kage et al., 2000; Kage et al., 2001a Kage et al., , 2001b Olesen and Grevsen, 1997; Wheeler et al., 1995; Wiebe, 1972a Wiebe, , 1972b Wurr et al., 1990 ) but functional relationships between productivity and dry matter partitioning have been ignored consistently.
Therefore, the objective of the following study was to evaluate the influence of productivity of cauliflower crops, which may be quantified by their relative or absolute growth rate, on the process of dry matter partitioning. Since dry matter production in cauliflower is dependent largely on radiation and N content, both factors were varied in field experiments and their influence on dry matter partitioning was evaluated. Hypotheses for partitioning of above-ground dry matter as dependent on N status and light environment were formulated and tested using the data from the field experiments. Partitioning of dry matter into the root system was neglected for reasons of simplicity, since it stores the least amount of N due to a relatively small proportion on total dry weight (W p ) and a N concentration of about 2% (unpublished data). Together with approaches for describing the productivity -N content relationship (Alt, et al., 2000) , an integrated model of the cauliflower crop may be built and used for the development of profitable and environmentally safe production practices. Table  1 . The total above-ground growth rate, dW p /dt, is the sum of the dry matter increases of vegetative and generative organs, dW v /dt and dW g /dt, respectively: It is assumed that one fraction of stem dry matter, W s,l , is associated with leaf growth, dW leaf /dt, and that another fraction, W s,in , is related to inflorescence growth. Thus: dW v /dt = dW s,l /dt + dW leaf /dt [2] where W s,l is assumed to be proportional to leaf area, A l :
Material and Methods

MODEL. Symbols, definitions, and units are presented in
Parameter a can be interpreted as the increase in stem growth Dependence of dry matter distribution on environmental conditions and nitrogen (N) supply has been reported for various species (Brouwer, 1962b; Hirose, 1986; Marcelis, 1994) . In vegetables, the relative amount of dry matter distributed to the marketable product is influenced also in different ways by N availability (Biemond, 1995) .
Dry matter partitioning is characterized by a net flow of assimilates from source to sink organs. Although the mediating regulators of this flow (Munns and Cramer, 1996; Van der Werf and Nagel, 1996) as well as control strategies (Reynolds and Chen, 1996) are not fully understood, four models of biomass allocation have emerged: 1) partitioning coefficients described by empirical constants, often as functions of developmental stage (Penning de Vries et al., 1989) ; 2) allometric growth between different organs, i.e., fixed ratios between relative growth rates (Kage and Stützel, 1999; Pearsall, 1927; Stützel and Aufhammer, 1991) ; 3) functional balance between root and shoot activity, first applied by Brouwer (1962a) and further developed to be regulated by C:N distribution (Johnson and Thornley, 1987) or N concentration in the plant (Agren and Ingestad; Levin et al., 1989) ; and 4) sink-based models in which dry matter distribution is regulated by the sink strength partly including the transport path (Chamont, 1993; Jones et al., 1991; Marcelis, 1993; Wien, 1997) .
Although terms like (potential) sink strength and sink activity are used widely, they are neither uniquely defined nor is their usefulness generally accepted (Farrar, 1993) . Wolfswinkel (1985) expressed sink strength as the maximum, i.e., source-unlimited, dry matter uptake of an organ, which may be related to the potential growth rate of the sink under nonlimiting assimilate supply (Marcelis et al., 1989) .
Empirical and allometric models are usually more easily parameterized than sink strength based models but have little explanatory value and may have limited application under chang-per increase in leaf area necessary for structural support of the leaf. It is proposed that the stability requirement of the plant is mainly determined by leaf area susceptible to wind.
If the specific leaf area, sla, is constant, In case of varying specific leaf area during plant growth the same equations apply, and sla in Eq.
[5] refers to the relevant specific leaf area of the newly produced leaf dry matter.
When vernalization is completed, the inflorescence starts to initiate. From then, generative growth has priority over vegetative growth in order to satisfy the potential sink capacity of the inflorescence, dW in,cap /dt, which is determined by its dry matter, W in , and its relative growth rate, rgr in : dW in,cap /dt = rgr in W in [7] Following an original concept of Warren-Wilson (1967) , rgr in may be related to the sink activity, whereas W in is a measure of sink size.
The initial dry matter of the inflorescence was set to 6.4 × 10 -6 g/ plant estimated as 10% of a water filled sphere with a diameter of 0.6 mm which, is the approximate diameter of the apical dome at the beginning of inflorescence growth (Wiebe, 1972b) .
The specific growth rate is assumed to vary with the N content of the plant at the time of inflorescence initiation:
Accelerated inflorescence growth with better N supply may be explained by an increased number of inflorescence cells initiated, or an increased supply rate of available protein N compounds during cell elongation. Both would increase the sink capacity of the inflorescence.
Stem growth would be increased with every increment in inflorescence dry weight to meet the increased structural and physiological demands of the inflorescence:
where f stem denotes the fraction of dW in /dt associated with stem growth. The total generative growth rate is the sum of inflorescence and associated stem growth:
With increasing W in the proportion of generative growth in the total plant growth is continuously increasing until generative growth is limited by total growth rate imposing an upper limit to inflorescence growth rate. The dry matter increase of the inflorescence is initially limited by its sink capacity (Eq. [7] ), and subsequently by total available assimilates:
Before the vernalization process is completed dW in /dt is set to zero. Given the inflorescence growth rate the leaf and total stem growth rates can be calculated: (Table 3) . FIELD EXPERIMENTS. Two independent field experiments with 'Fremont' cauliflower were conducted at the experimental farm of the Institute for Vegetable and Fruit Crops located 15 km south of Hannover, Germany, on a typical loess derived hapludalf soil. The 1996 experiment conducted during June to September was used for derivation of model parameters and the 1997 experiment conducted during July to September served for model evaluation ( Table 2) .
The experiments were designed as split plots with two light environments as main plots and four N fertilizer levels as subplots (Table 3 ) and three replications. Main plots of the shaded treatments were covered 1 m above the ground with a shading net absorbing 40% of photosynthetically active radiation (PAR) immediately after transplanting (1996) or 2 weeks after transplanting (1997). PAR was measured using a line quantum sensor (LI-191 SA; LI-COR, Inc., Lincoln, Nebr.). The size of the plots was ≈2 × 10 m and the planting pattern was 0.6 × 0.48 m giving an average density of 3.5 plants/m 2 . Average dry weight of the transplants was 0.34 g in 1996 and 0.39 g in 1997. Before planting chlorfenvinphos and molybdenum sulphate were applied prophylactically against cabbage fly (Delia brassicae Wied.) and molybdenium deficiency, respectively. Insect infestations were prevented with one spraying of oxodemeton-methyl and parathion each year. Weeds were controlled by hand weeding. Nitrogen fertilization was provided as ammonium nitrate at the time of transplanting with rates according to the scheme presented in Table 3 .
PLANT GROWTH ANALYSIS. On several intermediate harvests in both years, six plants per plot were harvested and separated into stems, leaves including petioles, and the inflorescences. Plants were cut 1 cm below the soil line and the stem was separated from the rest of the plant at the level of the onset of the inflorescence. The foliage was subdivided further into groups of five consecutive leaves (1 to 5, 6 to 10, etc.). Leaf number corresponded to leaf appearance. Leaf area of every leaf group was measured with a leaf area meter (LI-3100; LI-COR, Inc.). Samples of all plant components were oven dried at 70 °C for 12 h followed by a period of 6 h at 105 °C and weighed. After weighing, total N and nitrate N were determined by the micro-Kjeldahl method and a nitrate selective electrode, respectively. At all harvests, plant height and width and inflorescence diameter were also measured. For width measurements, a graduated ruler was placed above the plants in the field and the horizontal extension of every plant was measured four times and averaged.
STATISTICAL ANALYSIS AND MODEL PARAMETERIZATION. Statistical analyses were carried out using NLIN and REG procedures of SAS (SAS Inst., Inc., 1988) . The level of significance was calculated with an error probability of P = 0.05. Above-ground plant growth rate served as an input variable for dry matter distribution (Eq.
[11] to [13) and was calculated by interpolating the experimental data with an expolinear function (Goudriaan and Monteith, 1990) . The average specific leaf areas of the shaded and nonshaded light environments were also used as input parameters to calculate leaf area from simulated leaf dry weights. The dynamic model of development and partitioning described previously was programmed using the modelling environment ModelMaker (Walker, 1997) . The integration was performed using the Euler algorithm (Thornley and Johnson, 1990) with a time step of 1 d. A nonlinear least-squares regression analysis estimates the parameters f stem (Eq. [9]), and rgr in (Eq. [7] ), using a Marquardt optimization algorithm (Marquardt, 1963) . Together with the estimate of the parameter value, the software gives the value of the square root of the diagonal elements of the covariance matrix. Multiplying this value with the square root of the mean square of the residual yields the asymptotic standard error of the coefficient (Gallant, 1987) .
CAULIFLOWER DEVELOPMENT. Leaf appearance rate were described following Kage and Stützel (1999) where visible leaf number is expressed as an expolinear function of the temperature sum with parameters k 1 and k 2 . The values of the parameters for the cultivar Fremont were determined from an independent experiment in 1998 as k 1 = 0.0032 ± 0.0001 (d -1°C-1 ) and k 2 = 0.0353 ± 0.0036 (leaf × d -1°C-1 ) (unpublished data). The vernalization process was calculated according to Wiebe (1972a) using a daily vernalization rate, dV/dt, which is a function of mean daily temperature, T: where v max is the maximum vernalization rate set to 0.11/d. The four temperatures T1 to T4 are cultivar dependent and assumed to be 0, 10, 13, and 28 °C for the cultivar Fremont (H.-J. Wiebe, personal communication). The vernalization phase is completed when the sum of daily vernalization rates has reached a value of one.
Results
PARAMETERIZATION.
Linear relationships were found between stem and leaf dry matter during the vegetative phase, i.e., at harvests one and two (Fig. 1A) . There was no significant influence of N level on vegetative stem leaf distribution within light environments but shaded plants had higher stem/leaf ratios than nonshaded plants. However, the average specific leaf areas of shaded and nonshaded plants also differed significantly with 145.4 ± 3.9 and 93.0 ± 8.1 cm·g -1 respectively (LSD = 12.8 cm·g -1
). Thus, a common linear relationship between stem mass and leaf area existed for all N and light treatments (Fig. 1B) . The value of the parameter a (Eq. [3]) quantifying the increase in stem growth per increase in leaf area is determined by the slope of the regression line.
Differences in inflorescence dry weights among treatments at the second harvest of 1996 (Fig. 2) were partly significant (data not presented) and were attributed to different specific inflorescence growth rates, rgr in (Eq. 7). The parameter, rgr in , was estimated for each treatment separately by nonlinear regression analyses of measured and simulated W p (Table 4 ). The parameter, rgr in ,was related to the N status of the plant expressed as leaf N content per unit leaf area at the time when the vernalization phase was just completed, i.e., at harvest one (Fig. 3) . The slopes of the rgr in -leaf N relationships obtained separately for the shaded and nonshaded treatments were not significantly different. The parameter, f stem ,describing the increase in stem growth with increasing inflorescence weight (Eq.
[9]), was estimated as 0.15 ± 0.01 and independent of treatment.
Agreement between simulated and measured fractions of individual organs on total dry matter for all harvests of the parameterization data set is presented in Table 5 . Fractions of inflorescence on total dry weight were underestimated for both light environments at the final harvest which resulted in an overestimation in leaf dry matter.
EVALUATION. Good agreement between calculated (Kage and Stützel, 1999) and measured leaf numbers for the 1997 evaluation experiment, suggested a sufficiently accurate simulation of time of inflorescence initiation (Fig. 4) . Since average daily temperatures differed only slightly, there were no significant differences between light environments. The visible leaf numbers (diameter >1 cm) of the N0 treatments at the first and second harvests lie significantly below the N treatment means by one and two leaves, respectively (data not presented).
Specific inflorescence growth rates, rgr in , were calculated by the regression equation given in Fig. 3 using leaf N contents from the first harvest on day 26 after transplanting. This date was closest to the simulated day of inflorescence initiation, i.e., days 29 and 30 after transplanting for the nonshaded and shaded environment, respectively. Due to the lower N contents in 1997, the specific inflorescence growth rates were below those of 1996 (Table 4) . Average specific leaf areas of the shaded and nonshaded light environments in 1997 were 168.9 ± 5.8 and 116.0 ± 8.4 cm·g -1 , respectively, and served as input parameters to calculate leaf area from simulated leaf dry weights.
The overall model performance is presented in Fig. 5 . After completion of vernalization, inflorescence growth has priority over vegetative growth which results in a steadily decreasing fraction of leaf in the above-ground dry matter at the end of the growing period. The model was able to reproduce accelerated inflorescence growth with better N status at the completion of vernalization. The agreement between simulated and measured fractions of individual organs on total dry matter is equally high for shaded and nonshaded light environments (Fig. 6) . Unfortunately, no data on leaf dry weights and thus, no data on dry matter partitioning, were obtained for the final harvest of the L1-N2 and L1-N3 treatments. Model predictions are comparably accurate for the different organs (Table 5 ). The stem fractions show the least variation, resulting in a lower r 2 . The model performance is of similar quality for the evaluation experiment as it is for the parameterization experiment. ), for the parameterization and evaluation experiments; the latter were calculated by the regression equation in Fig. 3 model was independent of N supply. In a more comprehensive model, the planting density may also be a factor, since a single plant in a closed crop is protected by surrounding plants, but this was not examined herein. Inflorescence growth was modelled using the concept of sink capacity as defined by the potential growth rate of the inflorescence under nonlimiting assimilate supply. Similar approaches, incorporating competition between different storage organs, have been used successfully in tomato (Lycopersicon esculentum Mill.) (Jones et al., 1991) and cucumber (Cucumis sativus L.) (Chamont, 1993) . The relationship between sink capacity and leaf N status explained differences in inflorescence growth with N supply in cauliflower. The intrinsic relative growth rate, rgr in , was dependent on the N status at the time of inflorescence initiation and is considered fixed from then on because the number of initiated cells is determined shortly after inflorescence initiation. A sensitivity analysis of rgr in on the fraction of inflorescence on total above-ground dry weight at the final harvest was performed for the 1997 Expt. Within the range of ±10% around the calculated values, an increase in rgr in by 1% led to an increase in the fractions of inflorescence on total above-ground dry weight between 1.0% to 1.7%, average 1.2%, for the different treatments. Although rgr in is the relevant parameter of the exponential growth phase of the inflorescence, sensitivity analysis revealed that the approach is of acceptable robustness. The observed dependence of the generative sink capacity on N supply during the initiation phase was also found for onions (Allium cepa L.) (Stuart and Griffin, 1945) and Kalanchoe (Kalanchoe blossfeldiana Poelln.) (Rünger, 1960) .
Estimation of the parameter, f stem ,describing the increase in stem growth with increasing inflorescence weight (Eq. [9]) to be 0.15 ± 0.01 implies a maximum fraction of inflorescence growth rate on total growth rate of 0.85. This value is similar to 0.82 reported by Kage and Stützel (1999) .
Comparison of visible leaf numbers (diameter >1 cm) showed no significant differences between the N treatments except for the N0 treatments at the first two harvests in 1997. Atherton et al. (1986) , however, found that for 'Perfection' cauliflower the rate of leaf initiation was not affected by N deficiency. Since final leaf numbers of all treatments did not differ significantly, it was assumed for the simulations that the numbers of leaves initiated were the same for all treatments within one light environment at all times. The number of leaves initiated is decisive in determining the end of the juvenile phase. The lesser numbers of visible leaves in the N0 treatments at the first two harvests are attributed to a decreased leaf expansion rate after initiation. This assumption implies a different correla- z Intercepts in all cases were not significantly different from zero. Fig. 3 . Estimated specific growth rates of inflorescence, rgr in (Table 4) 
Discussion
This study explored the extent to which dry matter partitioning in cauliflower is dependent on N status and light environment. The formulated hypotheses were evaluated in field experiments comprising four N fertilizer levels and two light regimes.
Allometric partitioning between stem and leaf has been proven under conditions of a relatively constant light environment (Kage and Stützel, 1999) . The approach used in the present study was able to describe stem leaf distribution under variable irradiances. The quantitative relationship between stem dry weight and leaf area in this tion between initiated and visible leaf numbers in N deficient plants than that found by Booij and Struik (1990) for well fertilized plants.
In conclusion, a concept of above-ground dry matter partitioning as dependent on N supply and light environment was evaluated successfully in cauliflower using data from field experiments for parameterization and evaluation. The model was based on a functional dependency between stem and leaf area as well as a correlation of generative sink capacity on the N status of the plant. However, results of this study suggest that further research is needed on the interrelation of developmental and growth processes.
